INTRODUCTION
microRNAs (miRNAs) represent an emerging class of small non-coding RNAs that play important 3 roles in post-transcriptional regulation of gene expression (2) . They are transcribed initially as long 4 RNAs and then processed by two RNase complexes, Drosha and Dicer, into ~22 nucleotides (nt) 5 duplexes that are subsequently loaded into the RNA-induced silencing complexes (RISCs) (2). 6 Mature miRNAs in the RISCs usually bind to the 3' UTR of messenger RNAs (mRNAs), leading to 7 translational suppression or destabilization of the target mRNAs or both (10). Interaction between a 8 miRNA and its target mRNA does not require perfect complementarity. Hence, a single miRNA has 9 the potential to regulate multiple target mRNAs (10). 10 11 miRNAs have been demonstrated to be essential for neural development. Recent reports have 12 highlighted the abundant and diverse expression of miRNAs in the central nervous system (CNS) 13 (15) (16) (17) 30, 34, 37) . Mammalian brain tissues express about 70% of experimentally detectable 14 miRNAs, many of which are developmentally regulated (15) (16) (17) 30, 34, 37) . In maternal-zygotic 15 zebrafish dicer mutants, deficiency in Dicer-mediated biogenesis of miRNAs leads to severe defects 16 in brain morphogenesis (11) . Similarly, the loss of Dicer in sca3-mutant Drosophila enhances 17 neurodegeneration (4). Specific knockdown of Dicer in mouse midbrain dopaminergic neurons 18 resulted in progressive loss of these cells (14) . Recent studies have also elucidated the contribution 19 of individual miRNAs in various aspects of neural development. For example, mir-9a regulates the 20 organizer function of the zebrafish midbrain-hindbrain boundary (21). In C. elegans, lsy-6 and 21 mir-273 determine the cell fate of chemoreceptor neurons (13). miR-7 regulates differentiation of 22 photoreceptor neurons in Drosophila (23) . The mir-200 family regulates the terminal differentiation 1 of olfactory neurons in both mouse and zebrafish (5). In addition, miRNAs play important roles in 2 neuronal function and survival. In Drosophila, the miRNA bantam prevents neuronal apoptosis by 3 suppressing the proapoptotic gene hid (4). In mature rat neurons, mir-134 localizes to dendrites and 4 regulates spine size (32). In C. elegans, mir-1 regulates MEF-2 dependent retrograde signaling at the 5 neuromuscular junctions (35) . Most functional studies of miRNAs in neuronal development have 6 been carried out in animal models and it remains to be proven if miRNAs play the same role in 7 human neurogenesis. 8 9 In this study we sought to understand the role of miRNAs in differentiation of human neural cells 10 using simple in vitro models, human neuroblastoma SH-SY5Y cells and human neural progenitor 11 ReNcell VM cells. When sequentially treated with all-trans-retinoic acid (RA) and brain-derived 12 neurotrophic factor (BDNF), SH-SY5Y cells give rise to fully differentiated neuron-like cells (8) . 13 These differentiated SH-SY5Y cells are withdrawn from the cell cycle, express various neuronal 14 markers, and exhibit carbachol-evoked noradrenaline release (8) . Moreover, as no glial cell is derived 15 by this process, it is a robust and homogenous model system for investigating neuronal differentiation 16 (8) . Using microarrays and Northern blots, we identified a group of miRNAs that are significantly 17 upregulated in differentiated SH-SY5Y cells. We further showed that one of these miRNAs, miR-125b is a homolog of lin-4, which is the first miRNA discovered and an important regulator of 1 developmental timing in C. elegans (31). miR-125b is abundantly expressed in animal brains and is 2 upregulated during neurogenesis (17, 29, 34, 36) . However, the function of miR-125b in neural 3 development has been unclear. For the first time, our report demonstrates that miR-125b is important 4 in regulating neuronal differentiation. Furthermore, we identified a large number of putative target 5 genes repressed by miR-125b ectopic expression in SH-SY5Y cells. Computational analysis 6 suggests that ten of these genes antagonize several neurogenic pathways, especially ERK signaling 7 that is known to mediate the effect of retinoic acid in neuronal differentiation. . All-trans-retinoic acid (Sigma) was added at a final concentration of 10 9 µM on the next day after plating. After five days, the cells were washed three times with DMEM 10 and incubated with 50 ng/ml brain-derived neurotrophic factor (Sigma) in growth medium without 11 serum for seven days. ReNcell VM (RVM) cells were cultured in laminin-coated plates in DMEM/F12 (1:1) medium 14 (Invitrogen), supplemented with 10% B27 medium (Invitrogen), 10 µg/ml Gentamycin (GIBCO), 10 15 units/ml Heparin (Sigma), 20 ng/ml epidermal growth factor and 10 ng/ml basic fibroblast growth 16 factor (Invitrogen). For differentiation, the growth medium was replaced with the Neurobasal 17 medium (Invitrogen), supplemented with 10% B27 medium (Invitrogen), 10 µg/ml Gentamycin 18 (GIBCO) and 10 units/ml Heparin (Sigma). and from cells treated subsequently with BDNF in serum-free medium for 7 days. Small RNA was 3 purified, labeled and subjected to an oligonucleotide-based microarray as previously described (3). Genes that were differentially expressed four-day post-transfection of the miR 125b-DP were 4 subjected to Gene Ontology (GO) analysis, using BiNGO (25) . Motif analysis by MEME 12 We checked if the 3'UTR sequences of the 388 primary effectors of miR-125b (selected by 13 microarray analysis) were available at GeneBank. 253 genes were found with the 3'UTR sequences.
14 Following removal of the polyA tails, sequences were masked for repeats using RepeatMasker 15 (http://www.repeatmasker.org/) and analyzed by MEME with the motif width from four to nine and 16 other MEME default parameters. Sequence logos were constructed using WebLogo
17
(http://weblogo.berkeley.edu). Ingenuity Pathway Analysis (Ingenuity ® System) was used to link the direct targets predicted either 8 by MEME or by conventional methods with the genes differentially expressed four-days after 9 ectopic expression of miR-125b. We first compared the functional annotation of the two gene groups 10 and subsequently considered only the networks with differentially expressed neurogenesis-related 11 genes. We extracted only the pathway links with the direct targets as the starting points and with 12 known functions related to neurogenesis or differentiation.
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RESULTS

1
Profiling miRNA expression in SH-SY5Y cells during differentiation 2 To understand the regulation of miRNA expression in human neuronal differentiation, we induced 3 differentiation of SH-SY5Y cells into neuron-like cells according to Encinas et al (8) and observed the 4 same morphological changes as described. Neurite outgrowth became apparent after a five-day 5 treatment with all-trans-retinoic acid (RA) and became profuse after a subsequent seven-day treatment regulated during the course of differentiation (Fig. 2a) . Expression of the selected miRNAs was 1 validated by Northern blot (Fig. 2b) . We found that six miRNAs, including miR-7, miR-124a, 2 miR-125b, miR-199a, miR-199a* and miR-214, were consistently upregulated during differentiation 3 ( Fig. 2b, c ). Other miRNA candidates were not detected, or showed no significant change in their 4 expression by Northern blot (Fig. 2b) . (Fig. 3c, d ). Our subsequent analysis focused on miR-125b since the function of 6 miR-124a in neuronal differentiation has been described previously (26,40). by ~6 µm in differentiation medium, relative to the scrambled-duplex transfection control (Fig. 4b, c) . 8 Together, these results indicate that miR-125b alone is sufficient to stimulate neurite outgrowth.
Conversely, specific knockdown of endogenous miR-125b by an antisense oligonucleotide (125b-AS) 11 reduced the average neurite length by ~9 µm (P < 0.01), indicating that endogenous miR-125b 12 expression is necessary for neurite outgrowth (Fig. 4b, c) . Cotransfection of 125b-DP with 125b-AS 13 abrogated the increase in average neurite length due to miR-125b ectopic expression, demonstrating 14 the specificity of the antisense oligonucleotide. Together, the results show that miR-125b is both 15 necessary and sufficient to stimulate neurite outgrowth. neuronal markers including Map2ab, neurofilament and synaptotagmin V (Fig. 4d) . These stimulatory 21 effects were specifically abrogated by cotransfection with the miR-125b antisense oligonucleotide.
22
The transcript levels of the mature neuronal markers Map2ab and Gabbr1 were also increased by 1 miR-125b etopic expression (Fig. 4e) . In contrast, the expression of the neural progenitor marker 2 Musashi1 (Msi1) was reduced significantly (Fig. 4e) . morphology marked by the appearance of neurite outgrowth (Fig. 5a ). By quantitative real-time PCR, 12 we found that miR-125b was gradually and significantly upregulated during the seven-day 13 differentiation of RVM cells (Fig. 5b) . The efficiency of transfection in RVM cells was comparable to (Fig. 5d, e) . In addition, 2 miR-125b ectopic expression significantly increased the average neurite length of differentiated 3 neurons in the growth medium but not in the differentiation medium (Fig. 5d, e) . The effect of 4 125b-DP transfection was abrogated by cotransfecting 125b-AS at an equal concentration (Fig. 5d, e) . 125b-DP in growth medium was compared with that of the scrambled-duplex (DP) transfection 13 control. We found that the genes upregulated by miR-125b ectopic expression were preferentially 14 classified by Gene Ontology (GO) into biological processes related to development, especially 15 nervous system development, neurite growth, cell adhesion, cell morphology, and motility and 16 cytoskeleton organization (Fig. 6a) . Specifically, the percentage of miR-125b-upregulated genes 17 classified into each of these categories was statistically higher than the percentage of the whole 18 genome sorted into the same category (Fig. 6a) . On the other hand, genes downregulated by miR-125b 19 ectopic expression were overrepresented by those related to metabolism and transcriptional regulation 20 ( Fig. 6b) . Note that the changes in gene expression due to miR-125b ectopic expression were profiled forming a distinct cluster from all other treatments (Fig. 6c) . Unexpectedly, knockdown of miR-125b 14 did not show an opposite effect. Since SH-SY5Y cells also express mir-125a, which has the same seed 15 sequence and that can target a similar set of genes as miR-125b, knocking down miR-125b alone may 16 be insufficient to release the repression of all its targets.
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Identification of direct targets of miR-125b
19
In an attempt to identify the direct targets of miR-125b in neuronal differentiation -i.e. mRNAs 20 whose expression is directly downregulated by this miRNA -we selected 388 genes that were 21 downregulated by miR-125b ectopic expression in growth medium and in RA-containing medium, 22 relative to all other transfection conditions. To examine whether these genes might be directly 1 regulated by miR-125b-binding, we applied two different bioinformatic approaches. 2 3 The first approach was to search for a common motif in the 3' UTR of the downregulated genes by 4 using the MEME motif discovery according to Lim et al (24). From the 388 candidate genes we were 5 able to obtain from published data the sequences of 253 3' UTRs (135 candidate genes had no 6 available 3' UTR sequence). A search by MEME identified a 6-nucleotide motif 'TCAGGG' in 129 of 7 these sequences, that is, 51% out of the 253 available 3' UTRs. Importantly, this motif is perfectly 8 complementary to the seed sequence (nucleotides 2-8) of miR-125b (Fig. 7a) . Extensions of this 9 common motif to 7-9 nt also matched the seed sequence of miR-125b in a significant proportion of 10 these 129 3' UTR sequences (Fig. 7a) . As a control, we analyzed the 3' UTR sequences of the genes 11 upregulated four days after ectopic expression of miR-125b and found no enrichment in the 12 'TCAGGG' motif (data not shown).
14
The second approach is an integrated prediction of miR-125b targets using four different conventional (Fig. 7b) . In 17 total, the four prediction methods identified 97 genes (25%) among the 388 downregulated genes as 18 the direct targets of miR-125b (Fig. 7b) . When the same prediction methods were applied to genes 19 randomly selected from the whole genome or from unfiltered differentially expressed genes, only 4% 20 and 11% of these genes were predicted as targets of miR-125b, respectively (Fig. 7c) . Hence, our list 21 of 388 candidate miR-125b targets is significantly enriched for predicted direct targets. Furthermore, 22 among the 97 predicted direct miR-125b targets, we found that 81% of their 3' UTRs contain the 1 6-nucleotide motif that was identified by MEME, matching the seed sequence of miR-125b. The list 2 of targets predicted by both approaches is provided in Supplementary Table 3 and Supplementary   3   Table 4 . Subsequently, we used real-time PCR to validate the expression of the ten target genes used in our 5 model. All ten genes were downregulated by a two-day overexpression of miR-125b in growth 6 medium or differentiation medium except AP1M1 which was downregulated only in the presence of 7 RA (Fig. 8a) . Futhermore, binding of miR-125b to the predicted microRNA response elements 8 (MREs) in the 3' UTR of the ten targets was also validated by a luciferase reporter assay (Fig. 8b ). In To confirm the specific interaction of miR-125b with the target MREs we selected the top three hits, 16 TBC1D1, DGAT1 and SGPL1, from the MRE-luciferase reporter assay. A 500-base-pair segment 17 containing the miR-125b MRE in the 3' UTR of each gene was cloned after the luciferase reporter 18 gene; in these constructs we also made seven mismatches in the predicted seed region of the binding 19 sites (MREs) for miR-125b. Figure 8c shows that miR-125b reduced the luciferase activity of the 20 DGAT1, SGPL1, and TBC1D1 reporters to ~82%, 65% and 63% of the control level, respectively.
21
Importantly, the activity of the DGAT1 and SGPL1 luciferase reporters in the presence of miR-125b 22 was restored to 100% by mutation of the predicted miR-125b seed region. Mutation of the miR-125b 1 seed segment in the reporter for TBC1D1 resulted in a partial but significant recovery of luciferase 2 activity. These data suggest that the predicted seed region is absolutely necessary for the binding of 3 miR-125b to the 3' UTR of DGAT1 and SGPL1 but that it is not the only factor that determines the 4 binding of miR-125b to the 3' UTR of TBC1D1. In summary, we have shown that miR-125b is likely 5 to target directly the ten genes in the neurogenic pathway listed in Table 1 , in particular DGAT1, 6 SGPL1, and TBC1D1. neuronal markers, we demonstrate that miR-125b is both necessary and sufficient to promote 11 neuronal differentiation of SH-SY5Y cells.
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In our functional assays, we examined the effect of miR-125b ectopic expression on differentiation 14 over a short time frame of four days and found that only a fraction of the cells differentiated. 15 Importantly, the percentage of "differentiated cells" varies depending on the criteria used for percentage of the selected cells was rather small, 1-6% (Fig. 4b) . Reducing the stringency by 20 considering a lower minimum neurite length would increase the percentage of selected cells but the 21 neurite identification then becomes less accurate since cell edges can be mistaken as short neurites.
22
In our immunostaning assay, where differentiation was determined based on the expression of 1 neuronal protein markers Map2ab, neurofilament and Syt5, we observed a higher percentage of 2 differentiated cells, 5-16% (Fig. 4d) . Hence, the cells appeared to upregulate these markers earlier 3 than the onset of neurite outgrowth. SH-SY5Y cells than it is for differentiation of RVM cells upon withdrawal of EGF and bFGF. 8 Additionally, the phenotype may also be determined by the intrinsic differences between the two cell 9 lines; as they express different mRNAs, the genes directly and indirectly affected by mir-125b 10 regulation are likely to be different. The physiological functions of mir-125b in vivo may also 11 depend on different extrinsic and intrinsic factors that are regulated in a temporal and spatial manner. 12 Interestingly, we recently showed that knockdown of miR-125b leads to severe defects in zebrafish (Table 1) . IPA also reveals that many genes in the modeled pathways are regulated by RA in the same 7 manner as by miR-125b. This relationship, and the fact that RA upregulates miR-125b during 8 differentiation, suggests that miR-125b mediates RA-induced differentiation in SH-SY5Y cells. Our respectively. U6 RNA and 5S RNA were shown as loading controls.
5
(c) Northern-detected expression fold change of selected miRNAs (with significant changes), 6 normalized to the expression of 5S RNA. scrambled duplex (scrambled-DP), miR-125b duplex (125b-DP) or miR-125b antisense (125b-AS) 7 and maintained in growth medium or in differentiation medium containing RA. Each 
15
(c) SH-SY5Y cells stained with βIII-tubulin (green) and Hoechst (blue) four days after transfection. 16 Transfection and treatments were applied as in (a). The images were acquired by a confocal 17 microscrope using a 20x objective lens. Scale bar, 100 µm. results of student's t-test are indicated as * P < 0.05 and ** P < 0.01 where the variation is compared 9 to that of the scrambled control. Scale bar, 100 µm.
22 Table 1 . Target validation summary 1 Ten target genes were selected from the microarray data, target prediction, and pathway analysis. 2 Their expression pattern after two-day overexpression of miR-125b in growth medium (GM) or in 3 differentiation medium containing all-trans-retinoic acid (RA) was validated by real-time PCR (Fig.   4 8a). The predicted miRNA response elements (MREs) were validated for binding to miR-125b by 5 luciferase reporter assays (Fig. 8b-c) ; in three cases the specificity of the response to miR-125b was 6 validated by luciferase reporter assays in which the predicted miR-125b target sites in the 3'UTRs 7
were mutated (Fig. 8c ). "NT" means "not tested". 
